The N-acetylated hexapeptide WLLLLL (AcWL5) partitions into lipid membranes and is believed to assemble into an antiparallel -sheet. As a test of this structural assignment, the peptide bonds of residues 2-6 were labeled with 13 C and allowed to adsorb onto a supported lipid membrane. Peptides bound to the membrane were examined for evidence of coupling between the labeled vibrational modes in adjacent -strands with internal reflection infrared spectroscopy. Experimental results indicate that the amide I absorption band in D2O (i.e., amide I′) attributable to 13 C is selectively enhanced when the label is at any one of several positions along the peptide backbone. Simulations employing an excitonic model with throughbond and through-space interactions were performed on AcWL5 models in parallel and antiparallel -sheet configurations. The simulations yield spectra in good agreement with the experimental results, accounting for the enhancement of both 13 C band intensities and band frequencies. They also yield insight into the physical origin and structure selectivity of the distinctive amide I′ band shapes that arise in isotopically edited spectra. It is concluded that the -sheet formed by membrane-bound AcWL5 is indeed antiparallel, and the enhancement of 13 C bands in the infrared spectra of these peptides is caused by both interstrand and intrastrand coupling to 12 C modes.
Introduction
-Sheets are second only to R-helices in prevalence among protein secondary structures, yet model systems in which ordinary small polypeptides form -sheets in solution are rare. This is in part due to the requirement that sequentially distant residues associate and form a relatively rigid structure without the stabilizing advantage of a hydrophobic core. Model -sheets that do exist appear to rely on extensive side-chain interactions for their stability. 1,2 Aside from such peptides that probably represent special cases, the formation of -structure probably requires a molecular template that kinetically seeds or thermodynamically stabilizes -structure among peptides with the potential to form -structure. For this reason, understanding the role of lipid membranes in promoting -sheet formation is important and may be essential for understanding the formation of pathological -structure in protein misfolding diseases such as Alzheimer's disease.
Among the simplest and most thoroughly studied models of -sheet formation in membranes is the N-acetylated hexapeptide WLLLLL (AcWL5). AcWL5 is monomeric and random coil in aqueous solution, but it assembles cooperatively to form -structure upon partitioning into lipid membranes. 3, 4 This peptide exhibits a widely split amide I absorption band that is typical of what has come to be regarded as characteristic for antiparallel -sheet structure, namely a strong component at 1628 cm -1 and a weak component at 1679 cm -1 . However, there are at least two reasons to question the accuracy of conformational assignments based on this spectral signature. First, aggregated forms of the amyloid -proteins that accumulate in Alzheimer's disease exhibit the widely split amide I bands characteristic of antiparallel -structure. Yet, compelling data obtained by various NMR techniques lead to the conclusion that they consist of parallel -sheets. 5-9 Second, because we lack straightforward model systems for parallel and antiparallel -sheets, the sensitivity of the split amide I band for antiparallel † Departments of Pharmacology, Biochemistry and Biophysics, and Medicine, the Johnson Foundation for Molecular Biophysics, University of Pennsylvania.
‡ Department of Chemistry, University of Pennsylvania. § Tulane University. -structure and its specificity in the presence of other secondary structure have not been tested. Given that there are reasons to question assignments of antiparallel -structure secondary structure that are based solely on the presence of a characteristic amide I band shape, it is necessary to confirm this conclusion by alternative means. Nevertheless, it remains advantageous to seek this confirmation using infrared spectroscopy so that confirmation may be obtained from the same samples under the same conditions.
To verify the antiparallel arrangement of -strands in membrane-bound AcWL5, we synthesized five labeled forms, each containing a single 13 C label in its peptide bond. Isotopically editing infrared spectra in this manner has been previously used to facilitate secondary structure assignments in specific portions of a polypeptide. [10] [11] [12] [13] [14] The strategy in this case, involving principles first discovered by Rashba 15,16 and used frequently in the study of molecular crystals, [16] [17] [18] follows that of Lansbury who showed that transition dipole coupling between isotopically labeled peptide bonds can reveal which bonds on different strands of a -sheet are in close proximity. 19 Very recently, this approach has been used to explore the relationships between -strands in a short peptide sequence from the scrapie prion protein. 20 We hypothesized that the spectra emerging from these AcWL5 would exhibit distinctively and predictably different patterns in the cases of parallel and antiparallel -sheets. It has been difficult to achieve more than a qualitative interpretation of isotopically edited spectra because the split amide I spectrum of an unlabeled antiparallel -sheet itself arises from intermode coupling, 21 and the extent of the split appears to depend on the number of polypeptide strands in a sheet. 22 In addition, coupling between peptide bonds containing 13 C and 12 C appears to result in an enhancement of the signal arising from the label. 14 To gain a better quantitative understanding of how isotopic editing alters the spectra arising from -sheets, Brauner et al. studied various 13 C-labeled forms of a 14-residue peptide and developed a semiempirical model incorporating both throughspace and through-bond interactions to interpret the spectra. 23 Semiquantitative accuracy was achieved in explaining the enhancement of 13 C group excitation by coupling to nearby 12 C groups through H bonds and valence bonds and the attenuation of 12 C group excitation due to the interruption of 12 C-12 C coupling by interposed 13 C groups. Kubelka and Keiderling employed ab initio methods in their examination of spectra from the same 14-residue peptides, finding that the intensity of the isotopically shifted amide I in 13 C-labeled peptides increases with the formation of a multistranded -structure. 24 Their analysis attributes the intensity increase to in-phase coupled modes among neighboring labeled peptide groups arising from a single predominant 13 C mode in the middle of the -structure. While this approach did not agree with experiment as closely as did that of Brauner et al., it required no adjustable parameters. In studies of other peptides with similar methods, Kubelka and Keiderling found that parallel and various distorted -sheet structures do not yield highly split amide I bands. 25 The latter may account for the lack of good examples in which proteins exhibit clearly split amide I bands.
It is known that amide-I vibrational modes can be modeled as a subset of individual harmonic oscillators that are coupled to each other but isolated from the rest of the normal modes of a peptide. 10, 26, 27 Under such conditions, the Frenkel exciton model, a standard model in the treatment of vibrations in molecular crystals, 28 is a reasonable approach to describe their spectra. By assuming that the transition dipole interaction couples the local amide-I′ modes, qualitative agreement has been reached between simulation and experimental FTIR spectra of mid-sized proteins. 26 However, the transition dipole coupling model for the electrostatic, through-space part of the interaction requires an arbitrary choice of origin and is therefore unreliable at distances that are comparable with the size of amide unit undergoing the vibration, in particular between the nearby amide units.
Transition charge coupling and monopole methods have been widely used in electronic spectroscopy 29 to obtain the throughspace electrostatic interactions, but they require knowledge of the dynamic charge distributions which rely on computational chemistry. As the separation increases and it no longer matters where the dipole is located in the local mode, the transition charge coupling becomes exactly equal to the dipole-dipole coupling. In our analysis, we have adopted a through-space transition charge-transition charge potential, including charge fluxes for all but the nearest-neighbor amide interactions. 30, 31 We use ab initio density functional theory (DFT) calculations to obtain the total through-bond and through-space contributions to the nearest-neighbor coupling along the polypeptide strands. This approach omits any consideration of dielectric screening (polarizability effects) in gauging through-space couplings. Although there have been numerous attempts to incorporate and develop methods for approximating dielectric screening effects on Coulombic interactions between charges in proteins, 32 
Experimental Methods
Unlabeled (UL) and labeled forms of AcWL5 were synthesized by ordinary solid-phase methods as reported previously. 3 A single 13 C1-labeled leucine residue (Cambridge Stable Isotopes) was placed at amino acid positions 2, 3, 4, 5, or 6 in each of the labeled forms (L2, L3, L4, L5, and L6, respectively).
Polarized attenuated total internal reflection Fourier transform infrared (PATIR-FTIR) spectroscopy was performed using a BioRad FTS-6000 spectrometer equipped with an MCT detector. All spectra (background and sample) are derived from 1024 co-added interferograms with triangular apodization and one level of zero filling. Airdried samples were examined by mixing 25 µg of peptide with 100 µg of dimyristoylphosphatidylcholine (DMPC, Avanti Polar Lipids) in 30 mM HEPES in D 2O, sonicating for 10 min, and evaporating 5 µL of this mixture onto a horizontal internal reflection crystal (Horizon, Harrick Scientific).
Peptides at the buffer-membrane interface were examined using a Langmuir trough and internal reflection crystal in a manner similar to that described previously (Figure 1 ). 3 The trough subphase consists of 3 mL of 30 mM HEPES in D2O, pD)7.4. Lipid monolayer membranes are prepared by applying DMPC to the subphase surface in a few microliters of 90% hexane and 10% ethanol, allowing the solvents to evaporate and compressing the monolayer film to a surface pressure of 20 dynes/cm. The crystal is applied flat onto the subphase surface, and background single-beam spectra were collected. AcWL5 was dissolved in deuterated methanol and introduced through the monolayer and into the magnetically stirred buffer subphase using a microliter syringe and needle to achieve a subphase concentration of approximately 20 µM. Difficulties with sensitivity reported previously have been overcome by design modifications yielding more efficient collection of internally reflected light and by the use of a 30°internal reflection incidence angle which increases the number of internal reflections from 18 to 22 on the sample surface.
Simulation Methods
Molecular all-hydrogen models of AcWL5 were prepared initially as pairs of -strands in one-dimensional periodic boundaries. One model had two molecules of AcWL5 in a parallel configuration, while the other model had a pair of AcWL5 molecules in an antiparallel configuration. Both systems were propagated for several hundred picoseconds in vacuo at 300°using CHARMM 39 and then exhaustively energy-minimized. Average parameters were φ ) -79°, ψ ) 94°, r ) 1.9 Å (H bond length) for the parallel system and φ ) -114°, ψ ) 111°, r ) 2.0 Å for the antiparallel system. A series of model sheets with up to 20 AcWL5 molecules for spectral simulation were created by removing the periodic boundaries and juxtaposing a series of -strand pairs at intervals corresponding to the periodic boundary width. The models were simplified by eliminating all atoms except those in the five peptide units between the six amino acid residues of AcWL5. The amide unit formed at the amino terminus by the acetyl group and the carboxyl terminus were not considered in the simulations even though they participated in interstrand hydrogen bonds ( Figure 5 ).
The polypeptide amide-I′ modes were treated as a set of interacting vibrational harmonic oscillators whose energy levels are separated from the rest of the normal mode vibrations. A Frenkel excitonic model was used to describe the linear-infrared spectra. The Hamiltonian for a particular -sheet labeled as l, consisting of S polypeptide strands with N amide units in each, can be written as:
Here, ns is the unperturbed vibrational frequency of the relevant transition of the n th amide unit of the s th strand. The δ ns (l) term allows for site energy fluctuations. 31 The isotopic shift in ns is given as ∆ ns 
is the interaction terms (coupling energies) between the mt th and ns th amide units. After matrix diagonalization, the eigenstates of H (l) labeled by the index k with their corresponding eigenvalues E k (l) were obtained for the l th polypeptide. To simulate the spectra, the zero-order diagonal energy ns of CdO groups involved in hydrogen bonds was set to ∼1655 cm -1
. The zeroorder isotopic shift energy ∆ ns (l) needed was found to be ∼39 cm -1 , which is within the generally accepted range of ).
12,40 For -sheet configurations with finite size, some of the CdO groups on the first and last strands do not participate in interstrand hydrogen bonding and, depending on the environment, may have vibrational frequencies different from those that are hydrogen-bonded. To simulate the membrane environment, CdO groups on the edge of the sheet and not involved in hydrogen bonds were assigned frequencies 15 cm -1 higher than CdO groups involved in hydrogen bonds. No explicit distinction is made between H2O or D2O environments in these simulations. However, the effect of H-D exchange is included implicitly in the choice of the diagonal energy and isotope shift, and is designated by a prime (amide I′). Schematic of the Langmuir trough and internal reflection system used to collect PATIR-FTIR spectra. The germanium crystal is treated with an alkyl-silane to render it hydrophobic. Air-dried samples were studied by applying them directly onto the crystal surface and allowing the solvent to evaporate. Fully hydrated peptide samples were examined by placing the hydrophobic crystal on a phospholipid monolayer at the air-water interface in a Langmuir trough. The log ratio of spectra collected before and after the injection of peptide into the subphase buffer yields an absorption spectrum for membraneadsorbed peptide.
The square of the length of the net transition dipole of each eigenmode gives the relative contribution of that mode to the linear-IR spectrum, which was obtained as:
where the angle brackets signify an inhomogeneous average and µ b 01 (k) is the transition dipole for the k th eigenstate of an aggregate. The parameter γk models the homogeneous bandwidth for each of the transitions at ωk. In the simulated IR spectra, when γk ) 8 cm -1 was used, a satisfactory fit of the experimental IR spectra was obtained with negligible contribution from the frequency fluctuations. This value of γ k is somewhat larger than the previously determined homogeneous line width (∼5 cm ) of amide-I′ modes of short peptides and small proteins in solution phase, 27 suggesting there might be a small inhomogeneous contribution.
The coupling terms V mt,ns
were estimated from through-space and through-bond interactions. For all nonnearest neighboring amides along the peptide backbone, a transition charge-transition charge interaction scheme was used. 30, 41 The transition charge density was approximated by a distribution of Mulliken charges and charge fluxes. The coupling energy V mt,ns
between the mt th and ns th amide units is calculated as follows:
Here, subscripts a, b, ... label all the atoms undergoing nuclear displacements in the coupled amide-I′ units. The equilibrium atomic coordinates were obtained from the -sheet model prepared using molecular mechanics and described above. The charge at the atom a mt is q a mt 0 at equilibrium, Qmt is the dimensionless normal coordinates for the mt th amide, δq a mt 0 is the charge flux, [δq/δQ]0, at atom amt, and ra mt ,b ns is the distance between the indicated atoms. A set of transition charges was obtained from ab initio DFT calculation on a monopeptide model compound N-methyl-acetamide using Gaussian-98 42 at the B3LYP/6-31+G* level. 30, 41 The calculated charge distribution had a transition dipole of 3.8 D/(Å amu 1/2 ), directed at 20°to the CdO bond in agreement with previous empirically chosen values. 43 Equation 3 becomes the transition dipole-dipole interaction at large intermode distances.
The total coupling strength, including both the through-bond and through-space contributions for two amide-I′ modes in adjacent peptide units, was evaluated via an ab initio DFT calculation based on the dipeptide model Ac-Gly-NMe using Gaussian-98 42 at the B3LYP/6-31+G** level. It is known that the coupling energy between the nearest-neighbor amides is torsional angle dependent, and therefore, we evaluated this coupling for the average torsional angle of the -sheet conformation. A partial optimization was performed with a fixed specific set of dihedral angles in the range of configurations of antiparallel -sheets.
We confirmed that the amide-I′ frequencies are adequately reproduced by a Hamiltonian matrix diagonalization procedure based on equal diagonal elements and a set of transferable coupling constants. A normal-mode analysis was carried out on the optimized geometries, and coupling energies were obtained. When the dipeptide was chosen with dihedral angles of -110°and +115°, the symmetric (highfrequency) and antisymmetric (low-frequency) amide-I′ normal modes were split by 6.6 cm -1 . Linear combinations with approximately equal weight of these two modes generated two localized amide-I′ modes. Therefore, the amide-I′ modes of Ac-Gly-NMe can be modeled reasonably by two degenerate local modes coupled by ∼+3.3 cm -1 . This result suggests that we employ Vns,ns+1 ≈ +3.3 cm -1 as the average coupling between the intrastrand nearest neighbors of the antiparallel -sheets. This idea has been checked with DFT calculations of tri-and tetrapeptides. 31 For a dipeptide in the configuration of parallel -sheets (-79°, +94°), we found the coupling energy between the intrastrand nearest neighbors to be Vns,ns+1 ≈ -3.5 cm -1 , which is quite different from the result for antiparallel -sheets because of the dihedral angle dependence of through-bond effects.
Results
Initial experiments with air-dried peptide-lipid mixture samples yielded spectra from UL similar to those previously reported for membrane-bound samples, 3 with strong absorption at 1622 cm -1 and weaker absorption at 1680 cm -1 (Figure 2 ). Spectra the data from air-dried samples demonstrate that the frequencies and relative intensities of both the 12 C and 13 C peaks depend on the proximity of the 13 C labels to each other. Spectra from fully hydrated peptides at the buffer-membrane interface are much more challenging to obtain, but offer the advantage of more biologically relevant conditions, and they yield information about peptide orientation in the membrane. In general, we find that monolayers yield results that are qualitatively similar to air-dried peptide-lipid mixtures, but band frequencies are red-shifted to varying degrees (Table 1) . The primary absorption component maximum for L2, L3, and L4 was between 1599 and 1605 cm -1 , while the secondary component maximum was between 1636 and 1643 cm -1 ( Figure  3) . L5 again exhibits a minor component at 1609-1610 cm -1 , while L6 is indistinguishable from UL. When L3 is diluted 1:3 with unlabeled peptide, a spectrum closely resembling the L5 spectrum is obtained (Figure 4) .
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A R T I C L E S
There are three significant patterns in these data. First, the maximum amplitudes in spectra arising from air-dried specimens are 2-5 cm -1 red-shifted relative to fully hydrated peptides at the buffer-membrane interface. Second, the maximum arising from L3 is red-shifted by 3-4 cm -1 relative to that of L2 and L4. Third, the maxima arising from s-polarized spectra are redshifted by 0.8-1.1 cm -1 relative to those of p-polarized spectra. This third pattern is subtle, but it suggests that the most redshifted absorption modes in the samples are also the most horizontally oriented. The dichroic ratio for the principal amide I′ components of L2, L3, and L4 is 1.4, corresponding to an order parameter of -0.26 on this instrument for which the internal reflection incidence angle was 30°. The ratio of 1.3 previously reported corresponds to the same order parameter because it was obtained on an instrument with an internal reflection incidence angle of 45°. 3 The simulated spectra for the antiparallel -sheets reproduce several key features of the experimental data (Figure 3) . First, the frequencies of local amplitude maxima for each of the principal components are all within 3 cm -1 of the experimental values (table) . Second, they reproduce the pattern noted above in which L3 is red-shifted to a greater degree than L2 and L4. Third, the relative intensities of the two main components in L2 and L4 are close to the experimental spectra. The antiparallel simulation does not correctly predict the relative amplitudes of the two main components of L3, and it predicts an enhancement of the 13 C peak in L5 that is not seen experimentally.
While the agreement between the experimental frequencies and isotope intensity enhancement and the antiparallel simulation varies from excellent for L2 and L4 to fair for L3, there is little agreement between experimental spectra and the parallel simulations. Indeed, the parallel simulations yield almost indistinguishable spectra for L2, L3, L4, and L5, as one might expect intuitively from a series of peptides in which spatial relationships among 12 CdO and 13 CdO groups are similar irrespective of label position. Moreover, none of the parallel simulations predict the large enhancement of 13 C modes that is among the most conspicuous features of the experimental spectra.
Discussion
These results indicate that AcWL5 assembles as an antiparallel -sheet in lipid membranes. The antiparallel simulations accurately predict the pattern of band positions and intensities observed in the experimental spectra, whereas the parallel simulation predicts spectra with little resemblance to the experimental spectra. These results, in tandem with previously reported studies, 3 weigh strongly in favor of an antiparallel -sheet for AcWL5 in lipid membranes. Apart from the simulations, it is difficult to determine whether AcWL5 adopts parallel or antiparallel -sheet structure solely based on the isotopically edited experimental spectra. On one hand, the 13 C peak of L3 is more red-shifted than that of L2 or L4. This might be interpreted to mean that the labels in adjacent L3 peptides are in closer proximity than those in L2 or L4, and this will be the case in antiparallel, but not parallel, -sheets ( Figure 5 ). On the other hand, the similarities among spectra from L2, L3, and L4 are more striking than their differences. All three peptides give rise to components with similar relative amplitudes located within 5 cm -1 of each other, and this might be expected to arise in a parallel -sheet because labels should be equidistant in L2, L3, and L4. Thus, simulations are very useful in interpreting the experimental spectra, and the anomalous intensity enhancement of 13 C modes seen in the antiparallel, but not the parallel, -structures is key to this interpretation.
The simulations yield insight into the physical basis for the selective enhancement of 13 C band intensities. 44 As illustrated in Figure 6 , the unperturbed exciton band structures of the antiparallel and parallel -sheets are similar except that the density of states maximizes on the lower energy side of the band in the parallel sheet and on the higher energy side in the antiparallel sheet. In both cases, the strongly allowed transition at or near the bottom of the band is a delocalized mode in which adjacent amide-I′ modes are oscillating in-phase interstrand but out-of-phase intrastrand. This picture was verified by inspection of the wave function coefficients. The interaction of the 13 Csubstituted site with the unsubstituted sites causes levels to split off the bottom of the exciton band. 17 The relative intensity of the two low-frequency-allowed modes that result is very sensitive to the sign of the intrastrand nearest-neighbor coupling V ns,ns+1 , while the separation between them is sensitive to the zero-order isotope shift (see Figure 6 ). In the case of the antiparallel -sheet, V ns,ns+1 > 0 and the lower frequency mode has higher intensity since the ns th and (ns + 1)th amide-I′ motions along the strand are out-of-phase. In the case of the parallel -sheet, V ns,ns+1 < 0, the lowest frequency mode has the lowest intensity. Therefore, the most important coupling was identified as V ns,ns+1 . There is a simple explanation for these coupling inequalities and the enhancement, based on the interactions of pairs. To have intensification of the 13 C modes, they must couple with the 12 C modes in an optimal manner. For example, a 13 Csubstituted mode on one chain should have a 12 C mode as its nearest neighbor on the adjacent chain. This is the case for all antiparallel sheets except L3, but it is never the case for the parallel sheet. The coupling patterns for the two -sheet conformations, therefore, have different topologies. The coupling between hydrogen-bonded pairs for both -sheet conformations was found to be ∼-11.0 cm -1 (V ns,(N-n+1)(s+1) in the antiparallel and V ns,n(s+1) in the parallel), by using transition chargetransition charge interactions. The next nearest-neighbor intrastrand coupling energy (V ns,ns+2 ) was found to be between +2.0 and +3.0 cm -1 for both -sheet conformations, confirming that the intrastand in-phase coupling is a minor contribution to the 13 C-peak enhancement in the antiparallel -sheet. The significant difference in V ns,ns+1 for the two -sheets causes the band to spread more toward the lower energy side with respect to its zero-order level for the antiparallel configuration, so as to increase the chance of strong mixing between the dipole-allowed bulk excitonic state and the isotope state. In the case of the parallel -sheet with V ns,ns+1 < 0, the band spreads more toward higher energies. In addition, our calculation shows that the . Labeling pattern for parallel and antiparallel -sheet forms of AcWL5. Large black dots mark the position of the 13 C label if these structures are adopted by L2. In the parallel case, labels in L2 are closely apposed in the same way that labels would be for peptides labeled at other positions. In the antiparallel case, the labels of L2 are further apart, similar to the way that labels would be for L4. The labels of L3 would be closely apposed in both the parallel and antiparallel sheets. strongly allowed transition in the parallel -sheet does not occur at the bottom of the exciton band, which limits the IR transition intensity transfer from the bulk to the trap.
The 13 C-peak intensity enhancement is dependent on the number of strands per sheet, S. When S is 1 or 2, the interstrand coupling is not effective in causing a significant enhancement. As S increases, the enhancement becomes larger and eventually saturates at S g 9. The fit of simulation to experimental data suggests that S is in the range of ∼3 to 4 in the antiparallel -sheets. The main uncertainty in making this assessment is the magnitude of the intrastrand nearest-neighbor coupling because it is very sensitive to the dihedral angles that vary within the structure. We find from ab initio calculations that by varying the dihedral angles by (10°, a change of (1 cm -1 can be introduced into V ns,ns+1 . When V ns,ns+1 is chosen as +3.3 cm -1 we find that S ) 3, but S ) 4 gives the best fit when V ns,ns+1 ) 2.3 cm -1 . There may be some mismatch between adjacent strands in the samples used in the experiment; this could be the explanation as to why the 13 C enhancement in L3 exceeds the calculated amount. For the parallel -sheet, increasing the number of strands did not improve its agreement with the experiment. The finding of so few strands in sheets of membrane-assembled AcWL5 may be a consequence of experimental conditions. It is clear that much larger sheets are formed by AcWL5 in bilayers, 3 but we should expect supported monolayer membranes to be limited in the amount of peptide they can absorb because lateral pressure in the monolayer will increase when lipids are displaced by peptide. Differences in the number of -strands per sheet is a plausible explanation for our finding that both the 12 C and 13 C bands in air-dried L3-lipid mixtures are observed at significantly lower frequencies than when L3 absorbs into monolayers (compare Figures 2 and  3) .
Brauner et al. employed a transition dipole coupling approach in their study of a 14-residue peptide and achieved semiquantitative agreement between simulation and experiment by increasing the force constant between the interstrand hydrogenbonded amide units. 23 We also found that by arbitrarily increasing the interstrand coupling energy (e.g., V ns,(N-n+1)(s+1) ≈ -27 cm -1 ), the 13 C enhancement in the antiparallel case can roughly reproduce the experimental IR spectrum of the L2 peptide at a larger value of S. However, we have not found a physical basis for interstrand couplings of this magnitude. In their ab initio calculations on the same 14-residue peptides, Kubelka et al. called attention to the contributions of in-phase interstrand coupling to the low-frequency amide-I′ mode. 24,25
Conclusion
Our analysis of isotopically edited spectra supports our earlier conclusion that the -structure formed by AcWL5 in phospholipid membranes is antiparallel and weighs strongly against the possibility that it is parallel. This supports the conventional interpretation of its widely split amide I band shape as representing antiparallel rather than parallel -structure. Simulations incorporating through-bond and transition charge-transition charge interactions in an excitonic model can account for the enhancement of 13 C band intensities, and assuming there are three to four strands per antiparallel -sheet, they yield acceptable agreement with experimental spectra. An important insight provided by these simulations is that both the interstrand nearest-neighbor coupling energy across the hydrogen bond and the sign of the intrastrand nearest neighbor coupling must be chosen correctly to permit adequate enhancement to occur. Therefore, couplings both along (through-bond) and across strand (through-space) are essential. The exciton band structure formed by the polypeptide amide units, the magnitude and sign of the vibrational anharmonic coupling energy, the zero-order energy shift of the 13 C isotope, and the number of strands are all important in determining the enhancement of the 13 C peak intensity. Other contributions, such as from the coupling between the peptide units ns and ns + 2 on the same strand, which have their amide-I′ motions in-phase, are less important. A comparable enhancement would not be expected for helical conformations, for which case the strongly allowed IR transition of the unperturbed system does not occur at the lowest level of the band and the zero-order isotope shift level exceeds the exciton bandwidth. Furthermore, less intensity transfer is expected in the case of 13 Cd 18 O substitution, which has a larger zero-order isotope shift of ca. 65 cm -1 .
